










Epoxy	 is	a	 type	of	ether	containing	highly	active	 three-




resin	 is	 mainly	 depend	 on	 the	 curing	 process	 and	 therefore	
monitoring	 the	curing	process	by	various	means	has	become	




In	comparison	with	 the	other	ethers,	epoxy	 resin	 shows	
higher	 reactivity	 because	 of	 different	 electronegativities	 of	
carbon	and	oxygen	atoms	in	 its	oxirane	ring	and	making	the	
carbon	atom	electrophilic	in	nature.	At	the	same	time	linkage	
between	 aromatic	 ring	 and	 oxygen	 shows	 higher	 electron	
withdrawing	 effect	 that	 attracts	 nucleophilic	 compounds	
such	as	amines	 towards	attacking	oxirane	group3,5.	The	most	
commonly	 used	 oligomer	 is	 diglycidyl	 ether	 of	 bisphenol	A	
(DGEBA)	 which	 is	 generally	 synthesized	 by	 the	 oxidation	
of	 bisphenol	 A	 and	 epichlorohydrin	 in	 stoichiometric	 ratio.	
DGEBA	can	be	cured	with	host	of	 chemicals	which	 include	
alcohol,	phenols,	carboxylic	acids,	amines8,9	and	anhydrides10.	
Among	 all	 these	 hardeners	 amines	 are	 the	 most	 commonly	
used	 curing	 agent	 at	 room	 temperature3,9	 as	 well	 as	 at	 high	
temperatures10,11.












secondary,	 and	 tertiary	 amine.	 Therefore,	 monitoring	 of	
crosslinking	progress	is	done	by	observation	of	concentration	






IR	 (nIR)	 show	characteristic	peaks	corresponding	 to	oxirane	
groups	 and	 amines	 in	 the	 region	 600	 cm-1	 to	 4000	 cm-1	 and	
4000	 cm-1	 to	 7000	 cm-1	 respectively.	 Taking	 advantage	 of	
this	 special	 feature,	 many	 researchers14,19,20	 have	 used	 these	
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techniques	 for	 monitoring	 curing	 reactions.	 Concentrations	
of	 above	 mentioned	 four	 species	 in	 the	 curing	 reaction	 are	
linearly	 related	 to	 peak	 area	 ratios	 in	 the	 IR	 region21	 and	
therefore	 their	 intensities	 can	 be	 used	 (to	 calculate	 area)	 to	
follow	 the	mechanism	 of	 curing5,20,22-26.	 Considering	 the	 fact	
that	absorption	increases	with	increasing	concentration,	Beer-
Lamberts	law	can	be	simplified	as21	
A/Amax = adc 	 	 	 																							(1)
In	 the	 Eqn.	 (1),	 a, d,	 and	 c	 are	 absoptivity,	 sample	
thickness	 and	 concentration	 respectively	 and	 the	 letter	 A	
represents	 area	 under	 the	 corresponding	 peak	 of	 the	 species	
such	 as	 epoxy	 or	 amine,	 which	 can	 be	 readily	 calculated	
using	standard	instrument27.	The	validity	of	Eqn.	(1)	became	
questionable	 because	 of	 the	 uncertainty	 in	 producing	 the	
sample	 with	 absolutely	 uniform	 thickness20.	 Also	 shrinkage	
during	curing	or	initial	sample	thermosetting	can	cause	major	
errors	in	peak	integration.	This	causes	the	need	for	an	internal	




normalise	 the	 epoxy	 and	 amine	 peaks	 as	 aromatic	 rings	 do	
















represents	 the	 area	 under	 the	 epoxy	 peak	 at	 different	 times.	
Extensive	 literature20,24,32	 is	 available	 suggesting	 various	
reference	peaks	with	and	without	explanations.	This	study	aims	






with	 amines.	Along	with	 this,	 a	 vital	mechanism	which	 can	
occur	along	with	the	curing	reaction	i.e.	phase	separation,	can	
also	be	studied	with	the	help	of	FTIR.
3. experImeNtal reSultS aNd dIScuSSIoN
3.1 characterization of epoxy by FtIr










which	 is	 further	 discussed	 in	 the	 later	 part	 of	 this	 article.	 It	




3.2 monitoring the curing process
Considering	 the	 two	 step	 epoxy	 curing	 reaction,	which	
results	 in	 a	 decrease	 in	 concentration	 of	 functional	 group	
associated	with	the	monomer,	progress	can	be	determined	by	
observing	 intensities	 of	 respective	 peaks	 and	 using	 Eqn.(2).	
Different	 researchers	use	different	peaks	 for	 this	calculation.	
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In	 mIR,	 915	 cm-1	 is	 most	 commonly	 used	 peak5,11,20,21,24,28	
which	is	assigned	to	C	–	O	stretching	vibration	in	the	oxirane	
ring5,11,17,20,21,24.	 One	 example	 from	 this	 category	 of	 study	 is	
Fraga26,	et al.	whoes	results	are	shown	in	Fig.	2(a)26	where	915	
cm-1	peak	response	on	curing	of	DGEBA/isophorenediamine	




is	 sharp	and	well	 separated	 from	others	 in	fingerprint	 region	
and	 therefore	 it	 is	 also	 broadly	used	with	 theother	 reference	
peaks	such	as	830	cm-1	11,20,	1183	cm-1	24,28,29	and	1509	cm-1	11,21,26	
representing	 stable	aromatic	 ring.	Another	peak	 representing	
the	 oxirane	 group	 i.e.	 1132	 cm-1	normalised	with	 2970	 cm-1	
is	 also	 used	 by	 Fouchal32	 but	 weak	 intensity	 and	 crowded	










table 2. list of peaks used as either indication of epoxy group concentration or reference peak in dgeba
table 1. tentative bands assigned for different chemical groups from nIr absorption spectra of dgeba
Figure 2. (a) gradual decrease of intensity of peak 915 cm-1 on curing of dgeba/Ipd system at 70 °c and corresponding epoxy 
conversion is shown in (b) along with different temperatures of curing26.









neighbouring	 peaks	 make	 it	 hard	 to	 get	 reliable	 data	 hence	
rarely	used	by	any	other	researchers.
One	 more	 reacting	 peak	 in	 epoxy	 curing	 is	 observed	
near	 3050	 cm-1.	 This	 is	 also	 being	 used	 by	 number	 of	
researchers20,24,30,34,,	however	 its	position	and	small	size	force	
others	 to	 neglect	 it.	 This	 peak	 is	 sandwiched	 between	 a	
strong	broad	–Oh	peak	at	3500	cm-1	and	the	3038	cm-1	peak	
































Number	 of	 analyst	 prefer	 nIR	 over	mIR	 because	 of	 its	
higher	accuracy	due	to	various	reasons	explained	in	detail	in	
the	next	section	of	 this	study.	Same	principle	can	be	used	in	
nIR	 region	 taking	 4530	 cm-1	 peak	 as	 proof	 of	 epoxy	 group	
remaining5,13,20,29,36.	 This	 peak	 speaks	 for	 combination	 of	 the	
second	 overtone	 of	 the	 epoxy	 ring	 with	 fundamental	 C–h	
stretching5,11,20,29.	 Peaks	 representing	 non-reacting	 aromatic	
group,	 598829,	 4681,	 46235,19,20,28,29,31,36	 and	 4065	 cm-1	




unlike	 mIR,	 peaks	 revealing	 transformation	 of	 amine	
concentrations	arereadily	visible	in	nIR	(see	Fig.	4)	and	hence	












β = − 	 																																					(3)
Like	 Eqn.	 (2),	 similar	 terms	 are	 used	 in	 Eqn.	 (3).	 The	
primary	 amine	peak	 at	 4940	 cm-1	 is	 normalised	by	 aromatic	
peak	 at	 4623	 cm-1,	 and	 conversion	 is	 shown	 in	 Fig.	 5(b).	









Figure	 5	 shows	 that	 after	 initial	 curing	 stage,	 β	 always	
reaches	a	plateau	value	near	to	1	hence	it	can	be	concluded	that	at	
Figure 3. Intermixed network of  3057 and 3038 cm -1 
wavenumber.
Figure 5. (a) epoxy conversion and (b) amine conversion of hydrated dgeba/poly(3-aminopropylmethyl)siloxane system at different 
temperatures3.
Figure 4. nIr spectra during isothermal curing at 70 °c of 
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all	temperatures	primary	amine	is	fully	consumed	and	converted	





3.3 nIr over mIr
nIR	 contains	 overtones	 and	 combination	 bands	 of	 the	
fundamental	 vibrations	 seen	 in	 mIR	 and	 hence	 nIR	 gives	
characteristics	 isolated	 bands	 especially	 for	 primary	 and	





and	 nIR	 result	 of	 Diuron	 accelerated	 DGEBA	 is	 shown	 in	
Figure	6,	which	shows	-A)	comaprison	of	epoxy	conversion	of	
Diuron	accelerated	LY556/DDA	system	estimated	using	areas	
of	 absorption	 peaks	 in	 the	 nIR	 and	mIR	 range20.	 The	 epoxy	
absoprtion	 peaks	 at	 4530	 cm-1	 in	 nIR	 and	 915	 cm-1	 in	 mIR	
were	observed	and	4065	cm-1	and	830	cm-1	peaks	were	taken	
as	internal	reference	peaks	correspond	to	non-reacting	species.	
Figure	 6	 (a)	 clearly	 shows	 that	 at	 an	 early	 stage	 conversion	
curve	 start	 showing	 deviation	 and	 nIR	 calculations	 show	
higher	extent	of	reaction.	At	one	point	nIR	shows	35%	higher	
epoxy	conversion	 to	 that	of	mIR.	The	validation	of	nIR	was	
done	 after	 performing	 chemical	 titration	 and	 size	 exclusion	
chromatography	 (SEC)	 on	 the	 same	 system	 which	 showed	










of	 the	peak	at	915	cm-1	 so	Poisson20,	et al.	 calculated	epoxy	
conversion	using	a	peak	height	formula	(rather	the	peak	area)	
and	 found	 that	 converse	 is	 higher	 than	 that	 calculated	 using	
area	values,	as	can	be	seen	in	Fig.	6	(b).
The	 hurdles	 arising	 at	 peak	 915cm-1	 can	 be	 avoided	by	
selecting	other	epoxy	peaks,	for	instant,	3056	cm-1	5,24,34,	1132	
cm-1	32		and	1345	and	1430	cm-1	20.	These	peak	scan	be	selected	
as	 indications	 of	 reaction	 progress	 but	 their	 low	 intensity	















Figure 6. comparison of epoxy conversion versus time on (a) 
area basis in nIr and mIr range and (b) area and 
height basis20. Note: In Fig. 6 (b) both curves (i.e. 
area basis and height basis caclulation lines) for nIr 
follow same trend hence ovelapped each other.
Figure 7. comparison of epoxy conversion calculation based on 
two reference peaks (830 and 1607 cm-1) and primary 



















































different	 refractive	 indices	 are	 formed.	 when	 they	 are	 big	
enough	they	become	light	scatterers	and	the	mixture	becomes	
cloudy	in	the	visible	range.	At	these	larger	scales,	IR	radiation	
can	 also	 be	 used	 to	 determine	 the	 onset	 of	 phase	 separation	
and	 characterize	 the	 growth	 of	 the	 nascent	 structures5,39,40.	
Both	 mid-	 and	 near-IR	 range	 can	 be	 used	 to	 study	 phase	












in	 baseline	 as	 a	 function	 of	 epoxy	 conversion	 in	 Fig.	 8	 (b).	
Baseline	is	taken	in	the	region	where	no	peak	is	observed	14,	for	
example	in	Fig.	8	change	in	baseline	is	observed	at	6300	cm-1.	
In	 Fig.	 8	 (b),	 baseline	 reduces	 to	 zero	 and	 stays	 unchanged	
which	 indicates	a	homogenous	mixture	with	 respect	 to	near-
IR.	And	after	attending	some	conversion	values,	baseline	starts	




of	 DGEBA	 quantitatively.	 After	 reviewing	 various	 ways	
of	 analysing	 the	data	 can	be	 concluded	 that	 because	of	well	
isolated	peaks,	 the	 near-IR	 range	gives	more	 reliable	 results	
in	determining	both	oxirane	and	amine	group	concentrations	
at	 any	 stage	 of	 the	 reaction.	however,	 among	 the	 all	 epoxy	
peaks	in	mIR	range	the	915	cm-1	peak	gives	most	reliable	data	
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